Agitated bacterial tank bioleaching reactors are currently sparged with air to satisfy both oxygen and CO 2 requirements of microbial cells. Under high-sulphide loading conditions, as is the case with high-grade metal sulphide concentrates, the microbial and chemical demand for oxygen is significantly increased during the bioleaching process. Sparging with enriched oxygen gas may offer an alternative process option to increased agitation and sparged aeration, to overcome the mass transfer difficulties at elevated temperatures where thermophilic Archaea, rather than Bacteria, are used. In the case of air sparging, the DO (dissolved oxygen) concentration in tank reactors could not be increased to a point where it would become inhibitory due to the limited oxygen content of air (20.9% O 2 ). The use of enriched oxygen in such reactors at large scale does, however, pose its own set of process risks. The first aim of this investigation was, therefore, to determine the effects of various DO concentrations, in both the limiting and inhibitory ranges, on the microbial activity of Sulfolobus sp. U40813, a typical thermophilic mineral-leaching archaeon. Secondly, the effect of CO 2 concentration on the rate of ferrous iron oxidation was investigated. Both the oxygen and CO 2 kinetics were examined in controlled batch cultures at 78
Introduction
Mineral bioleaching, the process by which metals are dissolved from metal sulphide minerals by micro-organisms, is an established technology for metal recovery [1, 2] . Although these technologies offer process and environmental advantages in certain instances, they are more prone to certain process upsets than non-biological hydrometallurgical extraction processes. One such important bioprocess condition is the requirement for a suitable dissolved oxygen concentration, and is particularly relevant to reactions catalysed by thermophilic Archaea.
Bacterial tank bioleaching reactors are currently sparged with air to satisfy both oxygen and CO 2 requirements in the reactors. Under high-sulphide loading conditions, as is the case with high-grade concentrates, the microbial and chemical demand for oxygen is significantly increased during the bioleaching process in agitated tank reactors. The increased demand for oxygen under these conditions is facilitated by increased aeration rates, higher impeller agitation rates and improved agitator designs. Agitation speeds cannot be indefinitely increased to improve oxygen and CO 2 masstransfer limitations, as cell damage to bioleaching microbes becomes a limiting factor at high agitation speeds and power inputs in the presence of high pulp densities. Mass-transfer Key words: Archaea, bioleaching, carbon dioxide, oxygen, Sulfolobus, thermophilic. 1 To whom correspondence should be addressed (e-mail Chris.duplessis@bhpbilliton.com).
limitations are not routinely encountered in commercial bacterial tank leaching operations under mesophilic (35-40
• C) conditions when sparging with air. Thermophilic (65-80
• C) bioleaching conditions, however, are required to leach primary copper sulphide minerals such as chalcopyrite (CuFeS 2 ). At these conditions, mass-transfer limitations due to reduced oxygen solubility are a significant process challenge that cannot be overcome by increasing agitation speeds and aeration rates. Sparging with enriched oxygen gas therefore offers a potential solution to overcome the mass-transfer difficulties at elevated temperatures [3] . The use of enriched oxygen in such reactors at large scale does, however, pose its own set of process risks. In the case of air sparging, the dissolved oxygen concentration in tank reactors could not be increased to a point where it would become inhibitory. The use of oxygen-enriched air, however, could potentially result in the increase of dissolved oxygen concentrations to as high as 15 mg · l −1 . Such elevated dissolved oxygen concentrations could have a detrimental effect on microbial cells as the capacity to dissipate oxygen-derived free radicals enzymically could become overloaded.
In addition to oxygen, CO 2 is critically important in providing for the carbon-assimilation requirements of thermophilic bioleaching Archaea. A number of significant problems exist when interpreting literature in which CO 2 supplementation was tested, as CO 2 supplementation cannot directly or indirectly be related to dissolved CO 2 concentrations. Unlike for dissolved oxygen, no reliable dissolved CO 2 -measuring instruments are available, particularly at high temperatures under corrosive bioleaching reactor conditions. Microbial cells are, however, only sensitive to dissolved CO 2 concentrations, rather than gaseous CO 2 concentrations. Because of the lack of dissolved CO 2 concentrations, determinations and comparisons of CO 2 kinetics cannot be made from existing literature. Furthermore, the interpretation of the effect of CO 2 supplementation on microbial activity is often obscured by the fact that mineral dissolution rates are used to assess the effect of such CO 2 supplementation. Mineral dissolution rates are, however, in some instances limited by dissolution rate, rather than by microbial growth rate. For this reason, the effect of CO 2 supplementation on microbial growth specifically (and the potential benefit of CO 2 supplementation in bioleaching scenarios where mineral dissolution rates are not limiting), has probably been overlooked in many instances. Another important factor that may influence the interpretation of the results is that some bacteria, and possibly also some Archaea, exhibit alternative carbon-fixing ability. According to this mechanism, some bacteria would switch to a different carbonfixing mechanism in response to changes in the prevailing dissolved CO 2 concentration [4, 5] .
The aim of this investigation was to determine the effects of various dissolved oxygen and CO 2 concentrations, in both the limiting and inhibitory ranges, on the microbial activity of a representative thermophilic bioleaching archaeon. Analyses of numerous continuous culture pilot scale tank reactors at the laboratory facilities of BHP Billiton Johannesburg Technology Centre have revealed Sulfolobus sp. U40813 to be the most common mineral oxidizer across a wide range of mineral types at 78
• C. This investigation, therefore, focused on determining oxygen and CO 2 kinetic effects for this particular archaeon under typical thermophilic tank bioleaching conditions.
Materials and methods

Microbial inoculum
The Sulfolobus sp. U40813 microbial inoculum used was maintained in an 8 litre 'fed-batch type' bioleaching miniplant, treating a chalcopyrite concentrate at 78
• C under nonsterile conditions. Some of the reactor slurry (2 litres) was removed daily and replaced with fresh solids and nutrients. Mineral particles in the samples taken from the mini-plant were allowed to settle gravitationally for approx. 30 min. The resulting supernatant, with suspended cells, was used as the inoculum. The microbial cell concentrations in the inocula were determined using a CellFacts biological particle analyser (Microbial Systems, Coventry, U.K.), and were in the range of (4.4-5.2) × 10 8 cells.ml −1 . A 100 ml microbial inoculum was added to 900 ml of culture medium at the start of each run.
The microbial population in the bioreactor was identified using standard molecular microbiology techniques, including DNA extraction, PCR amplification and denaturing gradient-gel electrophoresis.
Culture medium and growth conditions
Batch cultivations were carried out in a 1.5 litre glass vessel, placed on a stirred hotplate with temperature feedback control and mixed with a magnetic stirrer bar at approx. 1000 rev./min. The nutrient medium used in all the batch cultivations was 9 K medium supplemented with 3 g · l • C. The redox potential was determined at 10 min intervals using a combined electrode (Pt-Ag/AgCl in 3 M KCl) connected to a 718 pH STAT Titrino (Swiss Lab, Rivonia, South Africa).
Dissolved oxygen and CO 2 concentrations were controlled by varying the proportions of nitrogen, CO 2 and oxygen in the influent gas through three 58 505 S Brooks mass-flow controllers (Alpret Control Specialists, Florida, South Africa). The gas mixture was sparged at a constant total flow rate of 1.5 litres · min −1 . The dissolved oxygen (mg · l −1 ) concentration was measured with a polarographic oxygen probe (Knick, Berlin, Germany). An inlet CO 2 concentration of 5% was used in the oxygen cultivations, whereas the dissolved oxygen was maintained at 3 mg · l −1 in the CO 2 experiments.
Results
The effect of increasing dissolved oxygen concentrations on the rate of iron oxidation was investigated in a series of batch cultivations, each controlled at a different dissolved oxygen concentration. The microbial activity in each test was evaluated by monitoring the increase in Fe 3+ (g · l −1 ) over a 25-30 h period. Although the conditions inside the mini-plant (supplying the inoculum) were kept as constant as possible, the microbial activities of the inocula were not identical in individual batch cultivations. In order to overcome variable inoculum activity, batch cultivations were conducted in sets of three, with a reference test (at a dissolved oxygen concentration of 2.4 mg · l −1 ) included in every set of experiments. For every set of experiments, the maximum iron oxidation rate of the reference test was given a relative activity value of 1, and the relative activities of the remaining two runs were expressed as a fraction of this. A relative activity of 1 is, therefore, equal to an iron oxidation rate of 0.524(±0.081) g · l production curves at different dissolved oxygen concentrations are given in Figure 1 . The relative activity data points were fitted using a four-parameter log normal fit function (eqn 1), where y and x are the relative activity and dissolved oxygen (mg · l −1 ), respectively. 
To investigate the effect of increased CO 2 concentrations on microbial activity, a series of batch cultivations in sets of three (similar to the oxygen work) was conducted with increasing CO 2 concentration. The relative activities for the individual experiments were determined as for the oxygen work, and are shown in Figure 2 . A relative activity of 1 in this case is equal to 0.434(±0.086) g of Fe 3+ · l −1 .h −1 . The relative activity data points were fitted using a fourparameter log normal fit function (eqn 2), where y and x are the relative activity and inlet CO 2 concentration, respectively. is required for optimal microbial activity. The inhibitory effect, outside the optimal range, was more severe at the very low dissolved oxygen concentrations (Figure 1) , with a microbial activity of less than 50% of the maximum microbial activity resulting from a dissolved oxygen concentration of 0.7 mg · l −1 . However, although the inhibition at the high oxygen concentrations (at and above a dissolved oxygen of 7.2 mg · l −1 ; Figure 1 ) was not initially as severe as at the low oxygen concentrations, prolonged exposure to high oxygen concentrations resulted in a continual decrease in activity, which eventually resulted in a cessation of activity (results not shown). Due to the sensitivity of Sulfolobus to elevated dissolved oxygen, the use of oxygen-enriched air to overcome low solubilities in tank bioleaching reactors at high temperatures would have to be strictly controlled in the narrow optimum range.
The optimal inlet CO 2 concentration for ferrous iron oxidation is predicted to be between 7 and 17% (v/v; Figure 2 ). At concentrations exceeding 7% CO 2 , the ferrous oxidation rate was slightly lower, but remained above 85% of maximum relative activity. The iron oxidation rates were, however, severely limited at CO 2 concentrations below 7%, indicating that the CO 2 supply was limiting in this range and inhibited the microbial growth rate. Although this is much higher than is generally considered adequate for bioleaching, based on mineral dissolution rates only, it is nevertheless the concentration that will allow for optimal microbial growth rates. The use of such a high concentration of CO 2 would, therefore, only be beneficial in cases where mineral dissolution is not a limiting factor, and where the additional cost could be justified against specific process improvements.
